Microsporidia are eukaryotic parasites that infect essentially all animal species, including many of agricultural importance 1-3 , and are significant opportunistic parasites of humans 4 . They are characterized by having a specialized infection apparatus, an obligate intracellular lifestyle 5 , rudimentary mitochondria and the smallest known eukaryotic genomes 5-7 . Extreme genome compaction led to minimal gene sizes affecting even conserved ancient complexes such as the ribosome 8-10 . In the present study, the cryo-electron microscopy structure of the ribosome from the microsporidium Vairimorpha necatrix is presented, which illustrates how genome compaction has resulted in the smallest known eukaryotic cytoplasmic ribosome. Selection pressure led to the loss of two ribosomal proteins and removal of essentially all eukaryote-specific ribosomal RNA (rRNA) expansion segments, reducing the rRNA to a functionally conserved core. The structure highlights how one microsporidia-specific and several repurposed existing ribosomal proteins compensate for the extensive rRNA reduction. The microsporidian ribosome is kept in an inactive state by two previously uncharacterized dormancy factors that specifically target the functionally important E-site, P-site and polypeptide exit tunnel. The present study illustrates the distinct effects of evolutionary pressure on RNA and proteincoding genes, provides a mechanism for ribosome inhibition and can serve as a structural basis for the development of inhibitors against microsporidian parasites.
The dynamic L1 and L7/L12 rRNA stalk and associated proteins are disordered and not included in the final model.
Early analysis of the Vairimorpha necatrix SSU rRNA sequence suggested that microsporidia are ancient eukaryotic organisms 9 . Phylogenetic analyses have now shown that they are related to fungi (see Supplementary Fig. 3a ), as either a basal branch or a sister group 12, 13 , with their highly divergent features attributed to their extremely compacted genomes [5] [6] [7] . The reduction of the microsporidian genome has affected the RNA and protein components of the ribosome differently. The rRNA moiety is the smallest found in any eukaryotic cytoplasmic ribosome to date, with total rRNA lengths even shorter than those in many prokaryotes 14 (Fig. 1c ). Essentially all eukaryotic expansion segments (ESs) have been compacted or removed from the V. necatrix rRNA (Fig. 2a,b and see Supplementary Fig. 3 ). Both the SSU and LSU rRNAs are approximately 30% shorter than the corresponding yeast rRNAs and 15% (LSU) to 20% (SSU) shorter than the Escherichia coli rRNAs, effectively reducing the rRNA to a minimal functional core for cytoplasmic ribosomes (Fig. 1c) . Even the inter-domain base-pairing region between the co-localized expansion segments 3 and 6 in the SSU rRNA (16S) has been removed ( Fig. 2a,c) . Although the 5.8S rRNA and 25S rRNA of the LSU in Saccharomyces cerevisiae are separate molecules, their microsporidian counterparts are, through the loss of the internal transcribed spacer 2 (ITS2), covalently linked to form a single 23S rRNA 10, 14 . The selective loss of ITS2 and its associated assembly factors, which feature heavily in eukaryotic large subunit assembly 15, 16 , highlights an evolutionary convergence with bacterial 23S rRNA.
Despite the extreme rRNA reduction, the microsporidian ribosome contains all the ribosomal proteins found in fungi except for eL38 and eL41 (see Supplementary Table 1 ). The rRNA-binding site of eL38 has been lost due to removal of ES24 (Fig. 2d,e and Supplementary Fig. 3a ) and, despite an intact rRNA-binding site, no density was observed for eL41. The ribosomal protein eL38 is present in Rozella allomycis and Mitosporidium daphniae. R. allomycis is an organism that has been placed close to the microsporidia within the basal branch of the fungi 12, 13 , while Mitosporidium daphniae represents an early diverging microsporidian species that has not undergone genome compaction 12 . The presence of eL38 in earlier branching organisms (see Supplementary Fig. 3 ) and its absence in all but two sequenced microsporidian species (M. daphinae, Amphiamblys sp.) suggests that this protein was present in a common ancestor. The presence of most of the eukaryotic ribosomal proteins in V. necatrix is contrary to previous in silico Evolutionary compaction and adaptation visualized by the structure of the dormant microsporidian ribosome Jonas Barandun 1,3 *, Mirjam Hunziker 1 , Charles R. Vossbrinck 2 and Sebastian Klinge 1 predictions and mass spectrometry analyses, which have suggested an absence and repurposing of several additional ribosomal proteins in microsporidia 17 . Unlike the recently described mitochondrial trypanosomal ribosome 18 , in which rRNA reduction has led to an increase in the size and number of ribosomal proteins, loss of rRNA in microsporidia has resulted in a different evolutionary strategy. Genome compaction has led to the truncation of tails and loops in several ribosomal proteins and rRNA loss has been compensated for by structural changes in ribosomal proteins to create specific protein-protein interactions or to serve as placeholders for removed expansion segments (see Supplementary Fig. 4 ). The retained ribosomal proteins still occupy the same positions as in yeast even in the absence of their rRNA-binding sites (see Supplementary Fig. 5 ). In the most extreme examples, which include eL14 and eL6 in the LSU, ribosomal proteins are exclusively bound through protein-protein interactions (see Supplementary Fig. 5d ). Similarly, eS7 has only minor contacts with the 16S rRNA and is held in place by uS8, uS15 and eS27 (see Supplementary Fig. 5c ). A previously uncharacterized conserved microsporidia-specific ribosomal protein (msL1), together with repurposed existing ribosomal protein tails, compensates for the extensive rRNA loss (Fig. 2d,e and Supplementary  Fig. 4b ). The fusion of two LSU rRNAs into a single molecule and the removal of the co-localized LSU expansion segments 5.8S-ES3, 5.8S-ES4, ES19 and ES31 has created a binding site for msL1 ( Fig. 2d ). The key function of this ribosomal protein is to bridge uL23 (ScL25, HsL23A), eL37 and uL2 (ScL2, HsL8), and as a consequence to functionally replace the lost rRNA segments. Expansion segment removal in this region has also affected the structure and it now contacts the LSU rRNA fusion site and further serves as a placeholder for the removed helix 52 at the base of ES19 ( Fig. 2d,e ). The microsporidian ribosome characterized in the present study is bound by two dormancy factors, MDF1 and MDF2, which 
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represent two distinct classes of proteins that may inactivate eukaryotic ribosomes ( Fig. 3 and see Supplementary Fig. 6c -h). MDF1 is a conserved eukaryotic β-strand-rich protein and, although structures of the human and Plasmodium falciparum homologues have been determined [19] [20] [21] , their functional role has so far remained elusive. MDF1 is located in the E-site of the small ribosomal subunit, where it stabilizes a rotated and swivelled conformation (Figs. 3a,b and 4). Binding of this factor is incompatible with SSU movement, which is essential during the catalytic cycle 22 . One end of the elongated structure of MDF1 contains a zinc-binding site and contacts the E-site of the SSU, whereas the other end of the protein points towards the central protuberance of the LSU. The zinc-binding site is present in essentially all eukaryotic homologues except for the Plasmodium falciparum protein 19 (Fig. 4b ). The main interaction partner of MDF1 is the N-terminal tail of eS25, which becomes ordered, forms a shared secondary β-sheet structure and runs along the surface of the dormancy factor (Fig. 4a,c) . In the E-site, the zinc-binding motif of MDF1 contacts the β-hairpin of uS7 (ScS5), a structural element interacting with the E-site codon of the messenger RNA during translation 23 . Adjacent to uS7, additional contacts with the 16S rRNA and uS11 contribute to the interaction network of this dormancy factor ( Fig. 4a) . A unique feature of all microsporidian MDF1 homologues, and that of S. cerevisiae, is an insertion of two β-sheets (β9-β10, Fig. 4b-d and see Supplementary  Fig. 6d ), pointing towards the central protuberance and contacting uL5 (ScL11). Variability in this region among species suggests adaptation to changes in the structure of the ribosome. Structural similarity, charge distribution and conservation of the human homologue (C1orf123) point towards a similar function for MDF1 in other eukaryotic cells (Fig. 4b,d and see Supplementary Fig. 6e ).
The second microsporidian dormancy factor, MDF2, occupies two critical functional regions of the ribosome. The C-terminal segment of MDF2 binds to the P-site of the large subunit ( Fig. 3) , whereas the less well-resolved N-terminus occupies the entire polypeptide exit tunnel and interacts with uL22 (ScL17) at the exit of the tunnel (see Supplementary Fig. 6f-h ). The C-terminal segment completely blocks the peptidyl-transferase centre, occupies the transfer RNA (tRNA) acceptor arm-binding site on uL16 (ScL10) and ends with a short helix that contacts H69 (Fig. 3b ). This arrangement distorts A2240 (ScA2971, Ec2602) ( Fig. 4a ), a catalytically important residue associated with nascent peptide release during translation termination 24 . Binding of MDF2 sterically blocks the active site of the ribosome, which is incompatible with active translation. Homologues of MDF2 were identified in only two other organisms, the microsporidia Nosema ceranae and Nosema apis, both pathogens associated with sudden hive collapse in honeybees 3 . This could be due to the divergent nature of microsporidia and low sequence conservation of MDF2 or a clade-specific role for this factor.
As microsporidia have lost genes for many biosynthetic pathways, reduced their mitochondria to rudimentary mitosomes and lost the ability to synthesize their own nucleotides, they depend on their host for most of their metabolic activity 5 . An efficient shutdown of cellular processes would be advantageous during the spore stage to conserve energy. Translation of dormancy factors such as MDF1 and MDF2 at the end of sporulation could serve as an inhibitory mechanism to shut down translation within the spore until the infection of a new host begins. Increased mRNA levels of mdf1 in the spore stage of Vavraia culicis 25 , a microsporidium with a simple life cycle, are consistent with this hypothesis, whereas transcriptional analysis of mdf1 in Edhazardia aedis 25 , a microsporidium with multiple stages in its life cycle, points towards additional layers of regulation that might be required to activate MDF1 in such organisms (see Supplementary Fig. 7) . As many mRNAs are still present in spores 26 , ribosome dormancy factors could prevent their translation while allowing for the rapid reactivation of the ribosome on germination. Similar to other 
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eukaryotic translation suppressors such as Stm1 in yeast 27, 28 and IFRD2 in mammals 29 , which occupy mRNA-or tRNA-binding sites, MDF1 and homologues may block the ribosome via steric hindrance. Future work on mammalian and other eukaryotic homologues of MDF1 and MDF2 will be required to experimentally define their roles in these organisms.
Unlike the evolution of the mitochondrial ribosome, in which the erosion of the mitochondrial genome resulted in unstable intermediates prone to acquisition of stabilizing elements in a speciesspecific manner 30 , genomic reduction in microsporidia has not led to a notable compositional diversification of the ribosome. In contrast, the extreme genomic reduction in microsporidia seems to rewind the evolutionary expansion seen in other eukaryotic rRNAs (see Supplementary Fig. 3a ). The structure of the microsporidian ribosome shows that, although compaction took place through a loss of rRNA expansion segments and the truncation of some of the ribosomal proteins, only two ribosomal proteins were lost. This would indicate that, although the evolutionary compaction of rRNA is feasible to an essential core that is smaller than the bacterial rRNA, the loss of eukaryotic ribosomal proteins poses an evolutionary hurdle. The high degree of protein-protein interactions within eukaryotic ribosomes 28 , as well as the intricate assembly pathway of the eukaryotic ribosome 15 , may put severe constraints on the elimination of ribosomal proteins.
Structural and experimental biochemical data of endogenous microsporidian protein complexes have not been previously available. With the structure of the microsporidian ribosome presented in this study, an atomic view is provided of an essential machine affected by the rapid evolution and extreme genome compaction of these unique organisms.
Methods
Cultivation of V. necatrix in Helicoverpa zea and isolation of spores.
V. necatrix spores were produced by feeding approximately 100,000 spores to fourth and fifth instar corn earworm (H. zea) larvae grown on a defined diet (Benzon Research). After 3 weeks at 21-25 °C, the spores were harvested by homogenizing the larvae in water. The homogenate was then filtered through two layers of cheese cloth followed by filtration through a 50-μm nylon mesh and centrifugation on a 50% Percoll cushion in a 2-ml microcentrifuge tube.
Purification of the V. necatrix ribosome. Ribosomes were liberated by bead beating 100 mg of spores for 30 s in a 2-ml conical microfuge tube with 0.5 g of 0.5 mm zirconium beads in buffer A (30 mM Tris-HCl, pH 7.5, 5 mM magnesium acetate, 25 mM KCl, 1 mM dithiothreitol, 1 mM ethylenediaminetetraacetic acid). The mixture was spun at 10,000g for 15 min in a microcentrifuge. The supernatant was then layered on top of a 1 M sucrose cushion prepared by dissolving 17.1 g sucrose in 50 ml buffer A. The layered material was spun at 4 °C for 4 h at 105,000g. The supernatant was removed, and the pellet was resuspended in 20 μl buffer A. Of the ribosome preparation, 5 μl was added to 95 μl buffer A and scanned between 240 and 300 nm to determine purity and concentration. Sample homogeneity was 
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assessed by sodium dodecylsulfate/polyacrylamide gel electrophoresis and negative stain EM ( Supplementary Fig. 1a ).
Cryo-EM grid preparation. Ribosome preparations were analysed for homogeneity by negative stain EM, and cryo-EM grids were prepared from the most homogeneous sample (see Supplementary Fig. 1a,b) . Then, 3.5 μl of sample in buffer A (30 mM Tris-HCl, pH 7.5 (4 °C), 5 mM magnesium acetate, 25 mM KCl, 1 mM dithiothreitol and 1 mM ethylenediaminetetraacetic acid) at an absorbance of 11 mAU (AU is arbitrary units) at 260 nm (Nanodrop 2000, Thermo Scientific) were applied to glow-discharged (30 s at 50 mA), lacy-carbon grids (TED PELLA, Inc., product no. 01824) and flash frozen in liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific) at 100% humidity, blot force of 0 and blot time 2.5 s.
Cryo-EM data collection and image processing. Micrographs, 3,284, were collected from two independent cryo-EM grids in three sessions on a Talos Arctica (Thermo Fisher Scientific), operated at 200 kV, mounted with a K2 Summit detector (Gatan, Inc.). Serial EM 31 was used for automated data collection of movies with a defocus range of 0.5-4 μm at a pixel size of 1.2 Å (0.6 Å super-resolution). Movies with 32 frames were collected at a dose of 8 electrons per pixel per second over an exposure time of 8 seconds, resulting in a total dose of 44.4 e− Å 2 . Data collection parameters can be found in Supplementary Table 2 . All 32 movie frames were initially aligned, drift corrected and dose weighted with MotionCor2 (ref. 32 ) and later for the final refinement with RELION-3 (ref. 33 ). CTFFIND-4.1.5 (ref. 34 ) was used to estimate the contrast transfer function. Manual inspection and removal of micrographs with poor CTF fits or drift reduced the number of micrographs to 3,007 used for reference-free particle picking with gautomatch (http://www.mrc-lmb.cam.ac.uk/kzhang/). A total of 471,121 particles were extracted with a box size of 340 pixels (408 Å) and subjected to an initial 2D classification to remove picking contaminations. Selection of class averages with high-resolution features resulted in 390,394 particles that were subjected to cisTEM 35 for 3D auto-refinement with 3 classes, using an initial model generated with cryoSPARC 36 . This resulted in two classes representing the complete ribosome in different conformational states and one class consisting only of the large ribosomal subunit. Particles from the two classes of the complete ribosome were combined and refined in RELION-3 to a resolution of 3.7 Å. In this overall map, the small subunit was less well resolved than the large subunit due to conformational heterogeneity. Multibody refinement with 3 masks (LSU, SSU body, SSU head) resulted in improved density for the small subunit. 3D classification with two classes, followed by a similar multibody refinement procedure, improved the density of the E-site factor (MDF1) and permitted model building. The cryo-EM processing strategy is summarized in Supplementary Fig. 1 .
Mass spectrometry analysis. The purified ribosome sample was dried and resuspended in 8 M urea/10 mM dithiothreitol/0.1 M ammonium bicarbonate. Cysteines were alkylated (30 mM iodacetimide) and digested first using LysC in <4 M urea and second using trypsin in <2 M urea. After solid phase extraction 37 , peptides were analysed by nano-liquid-chromatography-tandem mass spectrometry (LC1200 coupled to a Fusion Lumos, Thermo Scientific operated in high/high mode). Peptides were separated using a 12 cm × 75 µm C18 column (3 µm particles, Nikkyo Technos Co., Ltd) at a flow rate of 300 nl min -1 , with a 2-35% gradient over 70 min (buffer A: 0.1% formic acid; buffer B: 80% acetonitrile/0.1% formic acid).
Using ProtomeDiscoverer (v.1.4) the data were searched against an in-house V. necatrix database (obtained from a preliminary assembled and annotated genome (manuscript in preparation)), concatenated with common contaminants. Oxidation of methionine and protein N-terminal acetylation were allowed as variable modifications, cysteine carbamidomethyl was set as a fixed modification and two missed cleavages were allowed. Identified proteins are listed in Supplementary  Table 1 . Area 38 was used to rank different protein abundances in the sample.
Model building and refinement. The structure of the yeast ribosome (PDB 4V88 (ref. 28 )) served as a starting model for the building of the microsporidian ribosome in Coot 39 . A complete list of sequences and chains can be found in Supplementary Table 3 . The model was refined against the state 1 overall map (3.4 Å) with PHENIX 40 using phenix.real_space_refine and manually defined secondary structure restraints for RNAs and zinc coordination (obtained from the S. cerevisiae structure PDB 4V88 (ref. 28 )). Model statistics can be found in Supplementary Table 2 .
Map and model visualization. Structure analysis and figure preparation were performed using PyMOL (Schrödinger) and UCSF ChimeraX 41 .
Reporting Summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
Data availability
The data that support the findings of this study are available from the corresponding author on request. The cryo-EM density maps for the microsporidian ribosome have been deposited in the EM Data Bank with accession code EMD-4935 (overall state 1), EMD-4935-additional map 1-(overall state 2), EMD-4931 (LSU focused), EMD-4932 (SSU-body focused), EMD-4933 (SSUhead focused) and EMD-4934 (state 1, SSU-head focused). Coordinates for state 1 have been deposited in the Protein Data Bank under accession code 6RM3. Mass spectrometry data has been uploaded to PRIDE 42 under project accession PXD013432.
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